1. Isolated frog skin epithelium, mounted in an Ussing chamber and bathed in standard NaCl
inward-rectifier K+ channel (Kir) operating in parallel with a Na+-K+-ATPase pump. Here we report on the metabolic control of the Kir channel using patch clamping, short-circuit current measurement and enzymatic determination of cellular ATP (ATP1 4. Sulphonylureas inhibit single KATP channels in cell-attached patches as well as the total basolateral K+ current measured in frog skin epithelia perforated with nystatin on the apical side.
5. Na+-K+-ATPase activity is a major determinant of cytosolic ATP. Blocking the pump activity with ouabain produced a time-dependent increase in ATPi and reduced the open probability of KATP channels in cell-attached membranes. 6. We conclude that the ratio of ATP/ADP is an important metabolic coupling factor between the rate of Na+-K+ pumping and K+ recycling.
The reabsorption of Na across principal cells of frog skin epithelium is mediated by passive entry through channels in the apical membrane and active secretion via an Na+-K+-ATPase localized in the basolateral membrane. In parallel with the Na+-K+ pump activity, K+ is recycled through a channel which was recently identified as an inward-rectifier K+ channel (Kir) localized in the basolateral membrane of principal cells (Urbach, Van Kerkhove & Harvey, 1994) . The maintenance of equilibrium between transepithelial Nae absorption and K+ recycling involves a concerted action of cellular signals (cross-talk) . Coupling between the apical Nae conductance and the basolateral K+ conductance has been described in frog skin and turtle and toad urinary bladder (Davis & Finn, 1982; Harvey, Thomas & Ehrenfeld, 1988; Dawson & Richards, 1990) . These studies have demonstrated a role for membrane potential, pH and Ca2+ in mediating cross-talk. In tight epithelia, pHi has been shown to be a potent regulator of net sodium absorption via the pH sensitivity of apical Nae and basolateral K+ channels Oberleithner, Kersting & Gassner, 1988; Willumsen & Boucher, 1992; Rick, 1994) .
Recent studies in rat collecting duct, however, failed to demonstrate significant changes in pHi following ouabain inhibition of the Na+-K+-ATPase pump. It has been shown that the latter effect produces cross-talk by inhibition of apical Nae absorption (Silver, Frindt, Windhager & Palmer, 1993) and basolateral K+ conductance (Messner, Wang 4487 99 V Urbach and others Paulmichl, Oberleithner & Lang, 1985) . The lack of effect of ouabain on pHi in renal CCT (cortical collecting tubule) may indicate that other factors, such as ATP, which are influenced by pump activity can mediate cross-talk under these conditions. Intracellular ATP has been described as a putative modulator of cross-talk between the Na+ pump and K+ channels in renal proximal tubule (Tsuchiya, Wang, Giebisch & Welling, 1992) and cortical collecting tubule (Wang & Giebisch, 1991 
METHODS
Short-circuit current and basolateral membrane K+ conductance The ventral skin was dissected off doubly pithed frogs (Rana esculenta and Rana temporaria) and mounted in an Ussing-type chamber and bathed in standard amphibian Ringer solution containing (mM): 110 NaCl, 3-7 KOH, 6 Hepes, 2 CaCl2 and 1 MgCl2, pH 7*4, 260 mosmol F'). The spontaneous transepithelial voltage, measured with calomel electrodes, was clamped to 0 mV by applying a SCC using an automatic voltage-current clamp (model DVC-100, World Precision Instruments, Sarasota, FL, USA). The transepithelial Nae transport rate was estimated as equivalent to the amiloride (10 /M)-sensitive SCC. To examine the basolateral membrane conductance in isolation, the apical membrane was permeabilized using the ionophore nystatin (Kirk & Dawson, 1983; Garty, 1994) . In these experiments, the apical side was bathed in a high-K+ solution (potassium bathing solution, KBS) to mimic the intracellular ionic composition. This contained (mM): 20 NaCl, 90 potassium gluconate, 3 2 MgSO4, 1 2 KH2PW4, 2-9 K2HPO4, 11 glucose, 10 Hepes, adjusted to pH 7-2 with KOH, 260 mosmol F-'. Ca2+ was buffered to 100 nM using EGTA (0-2 mM CaCl2 + 5 mm EGTA). Nystatin (500 i.u. ml-') was added to the apical side after equilibration of SCC. The basolateral membrane was bathed with standard amphibian Ringer solution. Under these conditions, the transepithelial SCC was generated essentially by K+ diffusion across the basolateral membrane.
Patch-clamp recording
The methods used for tissue isolation and patch-clamp recording from basolateral membranes in intact epithelia mounted in Ussing chambers have been described in detail . Epithelial sheets were isolated from the ventral skin of Rana esculenta and Rana temporaria using collagenase to separate the corium. The isolated epithelium was cut into four discs (1 6 cm2 (Chang, Hsieh & Dawson, 1988) . All chemicals were purchased from Sigma. The cell-attached and inside-out configurations of the patch-clamp technique were used for single-channel studies (Hamill, Marty, Neher, Sakmann & Sigworth, 1981) and their application to epithelial sheets has been previously described in detail The single-channel record presented in Fig. 3A (Ashcroft, 1988 (Harvey & Kernan, 1984) and a depolarization of the basolateral membrane potentiel (Messner et al. 1985; Horisberger & Giebisch, 1988) . Membrane depolarization could be due not only to the arrest of the electrogenic pump activity (Nagel, 1979) T   <20  -TPA   0~~~~0   II   I  I  II  II  II  I I  II  II  I to ouabain (100 /SM), the KATP channel activity decreased in cell-attached patches (Fig. 8A) . The current event histograms indicate that the KAT channel open probability was decreased by 50%, but the current amplitude was not significantly changed (control, 2-01 + 0-12 pA; ouabain, 1P82 + 0-12 pA; n = 6). The increase in intracellular Nae following Na+-K+ pump inhibition could decrease the activity of a basolateral Na+-H+ exchange to produce a fall in pH, Silver, Frindt & Palmer, 1992) which may inhibit K+ conductance. To test this hypothesis, the effect of ouabain on KATP channel activity was recorded under conditions where pHi variations would be limited by raising the intracellular buffering power in a C02-HC03--buffered Ringer solution on the basolateral side. This condition, compared with a Hepes-buffered Ringer solution, has been shown to produce a doubling in the intracellular buffering power . Ouabain produced the same inhibitory effect on the KAT channel activity when the epithelium was bathed in either Hepes-or C02-HC03--buffered Ringer solution (Fig. 8B) probability of 0'8. The KATP was transformed to a pure inward rectifier when the patch pipette contained 120 mM KCl Ringer solution. These properties are identical to those previously described for the inward-rectifier K+ channel (Kir) in frog skin principal cells ). In the latter study, we showed that the Kir channel is inhibited by Ba2+ and H+ and is insensitive to quaternary ammonium ions (tetraethylainmonium, tetrapentylammonium). The macroscopic and single-channel K+ currents were inhibited by sulphonylureas, demonstrating that K+ recycling across the basolateral membrane occurs via a KATP channel. We conclude therefore that KATP and Kir channels are identical. The sensitivity of the KATP channel to sulphonylureas is similar for KATP channels in pancreatic fl-cells (Zunkler, Lenzen & Manner, 1988) , and excitable cells (Spruce, Standen & Stanfield, 1987) . The basolateral conductance of A6 cultured cells (Broillet & Horisberger, 1993) and frog skin have the same pharmacology as the single KATP channels described here. Tolbutamide is not completely selective for K+ channels and has recently been shown to inhibit the CFTR (cystic fibrosis transmembrane conductance regulator) Cl-channel (Sheppard & Welsh, 1992) . BaCl2 had no effects on basolateral membrane K+ conductance after tolbutamide treatment. Thus, the sulphonylurea inhibition of SCC is due solely to the effect of the drug on K+ channels. We have shown that Kir (KATP) channels generate the basolateral membrane conductance in principal cells. These channels are therefore the pathway for K+ recycling which is necessary to drive Nae absorption by effects on membrane potential and Na+-K+ pump activity.
Inhibition of KATP channels would therefore be expected to reduce Nae transport. This was shown by the sensitivity of SCC to sulphonylureas. The SCC was apparently more sensitive to tolbutamide than glibenclamide. Previous binding studies to ,-cell membranes show that the affinity of the sulphonylurea receptor for glibenclamide is 1000-fold higher than for tolbutamide (Kramer, Oekonomopulos, Punter & Summ, 1988) . The apparent similar sensitivity of transepithelial Na+ transport and basolateral K+ current to glibenclamide and tolbutamide may be dependent more on the permeability of these drugs, which were dissolved in different solvents, across the serosal connective tissue layer. ATP-sensitive K+ channels were-first discovered in heart muscle (Noma, 1983) . K+ channels of varying sensitivity to ATP have been described in apical membranes of thick ascending limb of Henle's loop (TAL) in rat (Bleich et al. 1990; Ho et al. 1993 ) and in rabbit (Wang, White, Geibel & Giebisch, 1990) , and ATP blockade is relieved by ADP in these tissues. In frog skin, the half-maximal inhibition of the K+ channel was obtained at an ATPi concentration of 30-80 uM. This is in the range of ATP inhibition found for the ATP-regulated K+ channels of pancreatic fl-cells (Cook & Hales, 1984; Rorsman & Trube, 1985; Ashcroft, 1988) and rat TAL (Bleich et al. 1990 ). Much higher concentrations channels in rat cortical collecting duct (Wang & Giebisch, 1991) and rabbit TAL (Wang et al. 1990 ). We found that non-hydrolysable analogues of ATP and Na-ATP in Mg2+-free solutions inhibited KATP channel activity with a sensitivity similar to that of Mg-ATP. In fact, cytosolic Mg2+ blocks outward currents through the KATP channel Figure 9 . Model proposed for the cross-talk between the transepithelial Nae transport and the KE recycling in principal cells The ATP/ADP ratio controlled by the Na+-K+ pump simultaneously regulates the activity of apical Nae channels and the basolateral K+ channels. The membrane hyperpolarization (Vc) due to basolateral K+ conductance facilitates the Nae entry. The intracellular Nae activity regulated by the apical Nae conductance controls the Na+-K+ pump activity.
the role of ATP in coupling the basolateral Na+-K+ pump and apical K+ secretion (Tsuchiya et at. 1992) and Nae amino acid/glucose absorption (Beck et al. 1991) has been described in renal proximal tubule. Recent studies have shown that ATP1 inhibits the apical Nae channel in primary cultures of human sweat duct and human distal lung (Prosser, Urbach, Thomas & Harvey, 1994) . Sodium entry across the apical membrane is the rate-limiting step in transepithelial Nae absorption and the pump rate is determined primarily by the supply of intracellular Nae.
Thus the Na+-K+ pump rate and ATP/ADP ratio will be determined by the activity of the amiloride-sensitive Na+ channel. We therefore propose that the ATP/ADP ratio can couple Nae and K+ transport at opposite cell membranes in principal cells (Fig. 9) .
